Co-firing biomass or waste fuels with coal in conventional thermal plants is a promising way to reduce 7 environmental impact of human activities with an acceptable economic investment. One of the main 8 issues to be addressed is the worsening in ash fouling and the reduction of heat transfer rate. In the 9 present paper, the deposits thermal resistance during direct combustion of different blends of coal 10 and various native fuels is investigated by using a deposition probe, kept at 550
57
In spite of the great interest of these research works, the complexity of the required measurement 58 equipment and the involved mathematical methods could jeopardize its practical usefulness for on-59 line monitoring or control systems under actual conditions. With this goal in mind, it is necessary 60 to develop simplified models based on usually available plant data (35; 36).
61
The present paper is focused on co-firing of different fuel blends in a semi-industrial scale pilot 
107
The probe is cooled by pressurized air which flows inside two stainless-steel concentric pipes.
108
Air enters into the inner duct at ambient temperature coming from a compressor and returns by length inside the combustion chamber 515 mm.
112
The deposition probe is instrumented with an air-flow meter for the inlet of cooling air and three content of 90% and 136% for tests 9 and 10, respectively.
147
In the table, flue gas temperature is measured inside the combustion chamber, near the deposition The main parts of the deposition probe (x 1 -x 3 in Figure 2 ) were discretized in eight control volumes in
155
order to obtain an appropriate compromise between computation time and accuracy of the solution.
156
The section x 3 includes volumes 1-4 , section x 2 volumes 5-7 and the section x 1 constitutes the eighth 157 volume. Additionally, a simplified model was developed for sections x 4 − x 5 to estimate the actual 158 temperatures of cooling air arriving and leaving the combustion chamber.
159
Heat transfer coefficients by convection inside the probe were calculated according to the Gnielin- non-participating gases. The partial pressure for each gas was calculated from the mass balance un-
166
der complete combustion conditions. In order to carry out the presence of soot particles, a corrective 167 factor is applied (47):
where
is the inner diameter of the combustion chamber (m) and cw is the emissivity before correction.
170
Values for the properties used in the thermal model are gathered in with the subscripts s, w and g, respectively. According to the actual geometry, the resistances are: where the view factors F wg and F sg are considered near to the unity and F sw = 0.9 was calculated 183 from the actual geometry. The heat fluxes are:
Following the delta-wye transformation, each leg of the wye consists of the surface resistance in 185 series with the resistance found from the transformation:
being δ kl = δ lm = δ km = 0. The corresponding heat fluxes, which will be used in the following section,
187
are given by the following relations:
where radiosities (J k ) are obtained from the energy balance at the central node. rates, fuel flow rates, flue gas temperature (T g ) and temperature of inlet and outlet of cooling air.
192
The main outputs are the heat absorbed by the cooling air, deposit surface temperature (T d ), probe 
195
Mass and energy balances are applied to each control volume considering quasi-steady regimen.
196
Given the very small thickness of tube walls, longitudinal heat transfer by conduction through the 197 ducts is considered negligible.
198
The energy balance in the deposit surface for control volume j-th is:
whereQ s,j is the absorbed heat flux by radiation from gases and wall given by Eq. (6), h g,j is the of the probe, the energy balances are:
where T 2,j and T 3,j denote the temperature of volume j in the surfaces 2 and 3,T a,j is the mean bulk 206 temperature of the cooling air inside the annulus and t,j is the equivalent emissivity from surface 2 207 to surface 1, which are coaxial cylinders:
Being air a non-participating medium, the energy balance for the air in the annular duct of the 209 volume j-th:
where cp air a,j is the specific heat capacity at temperatureT a,j , and T atures at exit and entry of volume j-th, respectively, inside the annulus .
212
The energy balances in surfaces 1 and 0 of inner tube are: periods for which surface temperature is far from the set point (550 • C).
232
The small observed deviations could be due both to the inherent thermocouple errors, to some 
Influential parameters

243
A sensitivity analysis was performed to quantify the dependency of final predictions on variations in 244 certain magnitudes: unknown properties used in the thermal model and operational parameters.
245
From such analysis, it has been demonstrated that thermal conductivity of pipes, cooling air 246 pressure and total combustion air mass flow produce variations in thermal resistance of ash deposits 247 less than 1% under changes of a 30% in the parameter value.
248
The effect of changing emissivities of different surfaces from 0.6 to 1 is shown in Figure 5a .
( w ) and emissivities of tube ducts ( 1 and 2 ).
251
On the contrary, emissivity of ash deposit surface ( s ) is a very influential parameter with devi-252 ations of 15% on thermal resistance. Therefore, experimental measurements should be perfomed to 253 achive accurate predictions. In the present work, it is an unknown parameter which has been esti-254 mated from the literature. As the sintering process has little contribution in the present tests (41), 255 a typical value of 0.9 was considered for s (29).
256
The influence of cooling air mass flow is shown in Figure 5b . because it provides a quantitative measure of actual fouling and its effect on heat uptake rate.
272
This section gathers the comparative analysis for the time evolution of heat transfer and thermal 273 resistance, for different fuel blend composition. Flue gas temperature along each experimental tests 274 is also shown in Figure 6 with the same colour code to facilitate the correct interpretation of results.
275
Subsequent figures represent the instantaneous rate of heat transfer rate related to the initial Figure 6: Flue gas temperture registered during experimental tests. it could be expected, the fouling rate and the decrease of heat transfer rate are slower for 100% SAC 283 than during co-firing with CYN. Furthermore, spontaneous sheddings seem to be more frequent for 284 100% SAC. In spite of the lower ash content of CYN, the presence of alkaline elements, as calcium 285 or potassium, together with other elements as sulfur and chlorine, favors fouling growth (37; 41).
286
With regard to CYN-SAC blends, some differences in the dynamics would be noticed. Time series 287 of 5%CYN (test 2) follow very monotonic trend, while many spontaneous sheddings would be iden- 
294
Thermal resistance is slightly lower for 10% CYN than for 15% CYN as it would be expected, but
295
it is also lower than for 5% CYN. This result could be explained from higher temperatures during 296 test 2 both, for combustion gases and for refractory walls, and the subsequent absence of casual 297 sheddings because of a more important sintering of the outer deposit layer.
298 Figure 8 compares the heat transfer ratio and the deposit thermal resistance of tests 1, 3 and 299 5 (100%SAC, 10%CYN and 10%PWO, respectively). As previously, decrease in heat uptake ratio 300 is lower for 100% SAC, while it is quite similar for the two biomass blends. Thermal resistance 301 is slightly lower for PWO than that for CYN, although they are very similar at the end of the 302 experiment. Despite the small difference in gases temperature, this was a non-expectable result as, 303 a priori, cynara, with much higher ash content, would produce a fouling rate significantly faster.
304
In order to explain this result, the flame radiation captured by the CCD camera is here used 
315
On the contrary, a very different dynamics is observed for tests 1 and 6 (100%SAC and 10%CYN, 316 respectively). Both heat uptake ratio and thermal resistance exhibit a very monotonic trend for 317 poplar blends, while a more irregular evolution is observed for 100%SAC and 10%CYN, probably 318 due to alternating periods of fouling and ash sheddings.
319
Additionally, a lower fouling level is obtained for poplar blends as it was expected from its very 320 low ash content shown in Table 1 . Both phenomena could be interrelated. The important reduction 321 in ash content (12% and 15% for tests 7 and 8, respectively) would produce a thinner layer of ash 322 deposit, resulting in less probable shedding events.
323
Finally, Figure 11 compares the time evolution of heat transfer and thermal resistance for SAC (test 1) and CMR (tests 9-10). As occurs with test 2, a very regular decrease of heat uptake is 325 observed during co-firing of CMR (tests 9-10). The absence of spontaneous sheddings could be 326 due to both, very high temperatures during the test, which could produce a more intense sintering,
327
and the very high ash content of CMR (55% d.b.). Thermal resistance is significantly greater for
328
20% CMR, where mass flow of CMR is a 50% of the total fuel flow rate.
329
All in all, it would be expected to obtain very much higher fouling levels for coal mine waste another. An example of the final result is shown in Figure 12 , where dark background corresponds to 348 epoxy and bright regions are ash fouling particles. The porosity was determined from the percentage 349 of black pixels in the fouling layer.
350
A strong decrease of porosity was observed from inner to outer layer of the deposit as can be seen 351 in Figure 12 . Specifically, for the deposit collected during 100% SAC combustion, porosity diminishes 352 from 82% to 58%. This result agrees with previous observations (26) and could be due to a certain 353 degree of sintering in the outer layer as it is subjected to higher temperatures.
354
Mean porosity has been estimated for those tests with samples of enough quality (Figure 13 ).
355
The mean porosity is in all cases within the usual ranges as it is shown in Table 4 . Porosity is around
356
10% lower for 100% SAC (test 1) than for blends of CYN and CMR. Little differences were obtained 357 in porosity for CYN blends, while a certain increase from 74% to 80% is obtained for CMR. 
358
368
A thermal model of the deposition probe was developed for estimation of deposit thermal resis-
369
tance by considering two sink surfaces and a gaseous mass source in the radiative exchange model.
370
The validation was performed by comparing the predicted and the measured temperature of the probe and radiative effects.
374
The most influential parameters on thermal resistance were identified from a sensitivity analysis:
375 the emissivity of deposit surface and the flue gas temperature. Therefore, the measure of emissivity 376 under the specific conditions of final application and the registration of the flue gas temperature with 377 high accuracy during the tests are mandatory to achive an accurate prediction of fouling thermal 378 resistance.
379
The comparison of time evolution of heat transfer ratio and thermal resistance for different fuel 380 blends indicated that the introduction of cynara and pine increases the fouling rates, even for low 381 substitution percentages. On the contrary, the introduction of poplar, with a very low ash content,
382
produces lower or very similar levels of fouling rate to that obtained for coal combustion (41). With 383 regard to coal mine waste residues, given its very high ash content, an important worsening with 384 regard to deposit thermal resistance would be expected, but the calculated value was similar to that 385 obtained for cynara and further research must be done to clarify such experimental result.
386
Finally, a discussion about the estimation of thermal conductivity estimation was performed from 387 experimental data extracted from SEM images. On the one hand, fuel blends gave rise to higher 388 porosity, related to lower thermal conductivity, especially for coal mine waste residues. On the other 389 hand, the analysis on microstructure confirmed that porosity, and therefore thermal conductivity,
390
varies from inner to outer layers (26). Thus, under real conditions, it is not possible to predict 391 the deposit thickness with enough accuracy and dedicated and customized instruments should be 392 designed and installed for its measurement in every particular facility if thickness is needed.
of the different fuel blends, the paper has demonstrated the usefulness of thermal models to estimate the thermal resistance of ash deposits without the need of sophisticated instrumentation. Dedicated 396 thermal models, similar to the developed one, could be integrated in the control of combustion
